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abstract 

Airborne anti-submarine warfare operations require a means of pre 
cise tactical navigation relative to an air-dropped sonobuoy pattern. 
Advantages and disadvantages of navigational techniques which could be 
used to solve this problem are discussed. An analysis is made of a 
previously proposed method to solve this problem by sonobuoy ranging 
concepts. The design of a prototype sonobuoy ranging system is de- 
scribed, and a preliminary evaluation is made of the accuracy of the 
prototype system. 
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I. INTRODUCTION 



One of the major problems encountered in present airborne anti- 
submarine warfare (ASW) systems is the inability to achieve precise 
tactical navigation with reference to an air-dropped sonobuoy pattern. 
Before considering a solution to this problem, one must have a good 
understanding of tactical navigation techniques used in ASW operations. 
Having had a great deal of personal experience in airborne ASW opera- 
tions, the author will draw on that experience to describe the problem. 

A. A DESCRIPTION OF THE ASW TACTICAL NAVIGATION PROBLEM 

The normal situation is one where the aircraft uses a field of 
air-dropped sonobuoys as sensors to transmit information to the air- 
craft. The aircraft has electronic equipment on board which processes 
this information and determines the position of any detected submarine 
relative to the sonobuoys in the pattern. Although the determined 
position of the submarine relative to the sonobuoys is usually quite 
accurate, the aircraft may still be unable to locate the sub for an 
accurate attack. This is usually due to the fact that the aircraft 
cannot determine its own position relative to the sonobuoys as accu- 
rately as the submarined position relative to the sonobuoys. There- 
fore, the resulting accuracy of the position plotted for the submarine 
on the tactical plot in the aircraft is limited by the accuracy of the 
aircraft* s knowledge of its own position relative to the sonobuoys. 

Lack of knowledge of precise relative positions also causes pro- 
blems during the localization phase of the ASW problem, long before 
any attack is contemplated. After a submarine is initially detected 
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(usually at a long range from the aircraft), present ASW systems 
require that the aircraft continuously refine the position of the de- 
tected submarine into a smaller and smaller area. Because the accu- 
racy of present tactical navigation methods tends to decrease with 
elapsed time since the last visual location of the sonobuoys, the 
aircraft must continuously update the position of the sonobuoys to 
obtain positioning information accurate enough to permit an attack on 
the submarine. This greatly limits the tactical mobility of the 
aircraft. 

If a tactical navigation system could be developed which would 
permit the aircraft to manuever freely after the initial drop of the 
sonobuoys, and which would also retain the accuracy required for a 
successful attack after a long time delay without repositioning of the 
sonobuoys, the tactical mobility of the aircraft and the speed with 
which the localization phase could be prosecuted could be greatly in- 
creased. It might even be possible to proceed to an accurate attack 
position from long ranges immediately after detection without further 
localization. The advantage of being able to make an immediate attack 
after detection should be immediately obvious, especially when consid- 
ering tactics against modern, high-speed nuclear submarines. 

To solve this problem of obtaining precise tactical navigation, 
what is needed is some means of determining the precise location of 
the aircraft relative to the sonobuoys in the dropped pattern. Such a 
system should be passive from the aircraft's point of view to retain 
the advantage of surprise. Transmissions by the aircraft could give 
his presence away to the enemy, and should not be required. Such a 
system should also not limit the tactical mobility of the aircraft. 
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The system should be accurate for time delays as long as the life 
time of the buoy or the length of the aircraft mission, whichever is 
shorter. The maximum range at which the system would normally be used 
would be within 70 nautical miles of the sonobuoy. Although desirable, 
such a system would not necessarily have to provide accurate geograph- 
ic positioning. This could be accomplished by locking the relative 
tactical plot created by such a system to a geographic grid by having 
the aircraft take a geographic fix with its global navigation system 
while at some known position on the tactical plot. 

Size, weight, power requirements, and cost are all factors which 
must be closely considered when contemplating any system which may 
require modification of the present sonobuoy design. This is empha- 
sized by a number of considerations which are discussed in Chapter III 
where design modifications to the sonobuoy are considered. 

One of the first ideas that comes to mind for solving the tacti- 
cal navigation problem is a transponder/direction-f inding unit which 
could accurately determine the relative position of aircraft to sono- 
buoy. However, a transponder would require interrogration by the 
aircraft, thus making it susceptible to being detected. In addition, 
radio direction finders are inherently inaccurate unless elaborate 
antenna systems are used, which is not practical in an aircraft due to 
size limitations. Any transponder unit of either the radar or radio 
beacon type would require the addition of a receiver to existing 
sonobuoy circuitry, and also an additional transmitter if the trans- 
ponder signal could not be transmitted by the present sonobuoy trans- 
mitter. Weight and power limitations due to the additional circuitry 
required in the sonobuoy would probably preclude using the transponder 
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idea regardless of other considerations. A transponder could require 
an additional transmitter and receiver aboard the aircraft as well, 
thus increasing the cost and complexity of the system. 

Radar alone d''es not appear to be a possible solution due to the 

low freeboard of the sonobuoy in the water and lack of good radar re- 

flectivity. A radar reflector could overcome this shortcoming, but 
would be difficult to construct into the small sonobuoy package. 

B. A DESCRIPTION OF THE RANGING CONCEPT AS A POSSIBLE SOLUTION 

Since the sonobuoy has a transmitter already built in, it appears 
that a possible solution would be to use it to transmit a signal to 
the aircraft which could be used to determine range to the sonobuoy. 

The transmission of this ranging signal by only the sonobuoys would 

maintain the passive role of the aircraft since no aircraft trans- 
mission would be necessary. If the ranging signal could be carried by 
existing sonobuoy transmitters, no new receivers or transmitters would 
be needed in the sonobuoy or the aircraft. Only a modification to the 
detector section of existing aircraft sonobuoy receivers would be 
required to separate the ranging signal from the sensor signals being 
received concurrently. 

After the range from aircraft to sonobuoy is accurately deter- 
mined, there are a number of ways in which the range could be used to 
solve the navigation problem and to maintain an accurate tactical plot. 
One way has been discussed in detail by Cooley [Ref. 1]. Other ways 
are also presently being investigated in thesis work yet to be pub- 
lished at this school. 
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In general, if the onboard navigation system can maintain a plot 
of the track of the aircraft as a baseline, then measurements of the 
sonobuoy's range from the aircraft made at various points along the 
base line will intersect at two locations as shown in Figure 1. Only 
one of the two locations would be the actual position of the sonobuoy 
relative to the aircraft track. The other is an ambiguous position. 
The ambiguity could be resolved by various methods. One method would 
be to use direction finding information of the sonobuoy's position to 
point out the actual position. Another method would be to rely on a 
priori navigational information obtained from some other navigation 
system in the aircraft which would indicate the general vicinity of 
the sonobuoy's relative position accurately enough to resolve ‘the 
ambiguity. If ranging information for ranges to a number of the sono- 
buoys in the pattern could be measured continuously, a continuous 
tactical plot could be maintained by the aircraft navigation system so 
that the aircraft's position relative to the sonobuoy pattern (and 
hence its position relative to the submarine) would be accurately 
known at all times. 

The advantages of such a ranging system as described above appear 
to fulfill all of the desirable qualities for a tactical navigation 
system as outlined earlier. This thesis is concerned only with the 
problem of obtaining an accurate measurement of slant range from the 
aircraft to a reference sonobuoy, and not with the solution of the 
navigation problem using this generated ranging information. The 
design and evaluation of a prototype ranging system are discussed on a 
conceptual and functional basis in later chapters. More detailed and 
technical descriptions of the components making up the prototype 
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SONOBUOY RANGING FOR TACTICAL NAVIGATION 
FIGURE 1 
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system are given in the appendices. However, the first necessary task 
in this project was to define a technique for transmitting a signal to 
the aircraft by which the ranging concept discussed above could be 
accomplished. This will be discussed thoroughly in the next chapter. 
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II. A TECHNIQUE TO IMPLEMENT THE RANGING CONCEPT 



A technique which could determine range to a transmitter for 
navigational purposes has been described by Dean [Ref. 2] and by 
Thomas [Ref. 3] for use in a short-range, precise navigational system. 
Grant proposed this same phase comparison technique for use in the 
sonobuoy ranging problem being considered in this thesis and made a 
preliminary investigation of its feasibility. [Ref. 4] 

A. PHASE-COMPARING STABLE FREQUENCY STANDARDS 

The basic technique involved is to create the ranging signal in 
the sonobuoy by means of a frequency-stable signal source and transmit 
the signal to the aircraft where it is phase compared to another fre- 
quency-stable source of the same frequency. By comparing this instan- 
taneous phase difference measurement at an unknown range with a 
previous phase difference measurement determined at a known range, the 
accumulated phase difference between the two measurements indicates 
how much the slant range has changed since the time instant when the 
range was known. The best way to visualize this is by an example with 
a diagram of the situation. 

Figure 2 shows a diagram of the geometry involved between the 
aircraft and the sonobuoy. It is assumed, for ease of illustration, 
that the phase comparison of the sonobuoy ranging signal and the air- 
craft reference signal was measured to be zero degrees when the air- 
craft was at zero range (measurement obtained at time sonobuoy was 
dropped and neglecting the aircraft's altitude at zero range). If the 
two signals are perfectly stable and equal in frequency, the phase 
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THE RANGING CONCEPT 



difference between the two signals will increase in direct proportion 
to the slant range to the sonobuoy as the aircraft tracks away from 
the sonobuoy. This accumulating phase difference will be due to the 
increasing transit time required for the transmitted signal to travel 
the increasing distance to the aircraft. 

It is seen in Figure 2 that the aircraft transits through hemi- 
spheres of constant phase difference as it moves away from the zero 
phase/zero range reference position measured on top of the sonobuoy. 

If the transmitted signal is considered as an electro-magnetic wave of 
wavelength X, the signal can be visualized as a wave pattern along the 
line of sight to the aircraft as shown in Figure 2. The phase of the 
ranging signal, when compared to the reference signal on the aircraft, 
is shown in this example to be measured as 135 degrees different than 
at the reference position initially obtained (zero phase/zero range in 
this case). Since the phase of a signal can be related to a range by 
means of the wavelength of the signal, the change in range can be ob- 
tained from the measured phase difference of 135 degrees. For this 
example, where a 4-kHz reference signal is being used, this could be 
interpreted as an exact slant range value, R, as follows: 
o 



R- ^ • X=^r 

360 360 



Speed of light 
Signal frequency 




o 

360 



g 

3 x 10 m/sec 
4000 Hz 



28.1 km 



As has been inferred earlier, the mentioned measurement technique 
would only be accurate as long as the two signal sources remained at 
exactly the same frequency during the time the aircraft moved away. 
This is because some of the accumulated phase difference measured at 
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the new range relative to the initial range would be due to change of 
frequency of one of the signal sources and not due to the change in 
range. This can be better understood if the inter-relationship between 
phase and frequency is considered. 

The most generally accepted definition of instantaneous frequency 
as a function of time [Ref. 5] for a signal is given by: 

f(t) = T - > where 0 is the instantaneous phase of the 

2tt dt .. . , . 

signal in radians. 

For two signals fixed in space with the same frequency, their phase 
difference will remain constant for all time as shown in Figure 3(a). 

If one of the signals is slightly different in frequency, however, 
their phase difference at a later time is no longer the same, as is 
shown pictorially by the exaggerated frequency difference of two sine- 
wave signals in Figure 3(b). 

For the situation of two signals which are not fixed in space (as 
in the case of the ranging signal and the aircraft reference signal), 
the accumulated phase difference would be due to the change in range 
between the two signal sources only as long as both sources remained at 
the same frequency. This condition is shown in Figure 3(c) where, at 
time t^, the two signal sources have changed relative position in space 
by a distance A value for Ar is determined by subtracting the 

phase difference A0 O > (determined at the zero range reference position 
as shown in Figure 3(a)) from the phase difference A0(t^), (determined 
at the new position), and then relating the result to a range value by 
means of the fractional wavelength traveled during time interval 
At = - t^. To be exact: 
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(a) Two signals of same frequency fixed in space (say at 

zero range) with phase difference A0 • 

o 




(b) Two signals of different frequencies (^^ 2 ) which 
are fixed in space. 




(c) The two equal signals of (a) shown at time, t^, sepa- 
rated in space since time t^ by a distance AR. 



THE EFFECT OF FREQUENCY INSTABILITY 
FIGURE 3 
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A0(t 3 ) - A0 o (t ) 

AR = o ° X 

360 

Hence, from the comparison of the above three cases, it is apparent 
why a measured phase difference is only valid as a range reference in 
this ranging concept as long as the two signals remain stable and equal 
in frequency. 

B. DEVELOPING CONCEPTS FOR A RANGING SYSTEM 

Utilizing slant range from the sonobuoy, determined in the manner 

described above, and combining it with the known aircraft altitude, 

the resulting geometric problem could be solved for the horizontal 

range value by a system as shown in Figure 4. The newer models of ASW 

aircraft have an on-board computer. Therefore, the computation of 

slant range and horizontal range could most easily be made by providing 

the phase difference measurement and the aircraft altitude as inputs 

to the computer for the calculations. Provision must be made to store 

the phase difference measurement (A0 ) obtained at the known initial 

o. 

range so that this value may be applied to all slant range calculations 
made at any later time to obtain a correct value for the instantaneous 
slant range. This initial measurement might be made before the buoy is 
dropped (at known zero range) or later when marking on top of the buoy 
visually (at known altitude range). The choice would mainly be deter- 
mined by the feasibility of turning on the ranging signal before the 
buoy leaves the aircraft and by tactical considerations. This will be 
discussed further in a later chapter. 

For some aircraft it might be more advantageous to develop a small, 
separate analog computer to perform the computations. In either case, 



25 




w 

etf 

B 



U-i 

o 



o 

< 



o 

►J 



H 

O 



e 



26 




the actual computations of the horizontal range values are most easily 
handled as a separate computational problem for a computer. When im- 
plementing the system into hardware, the output of the phase measuring 
system would have to be interfaced to a computer of either the analog 
or digital type. With this in mind, the computational section of the 
proposed system would be a problem for the computer engineer and pro- 
grammer. It will only be considered, therefore, as a functional block 
as shown in Figure 4 during remaining discussions of the system in this 
report. This decision to "black box” the computational section reduces 
the design and evaluation of the system to the first few blocks shown 
in Figure 4 consisting of the following components and subsections: 

1 . Sonobuoy 

a. Generation of ranging signal. 

b. Transmission of ranging signal by sonobuoy transmitter. 

2. Aircraft Measuring System 

a. Recovery of the ranging signal. 

b. Phase -comparing the ranging signal to the reference signal 

c. Range computation from the phase difference measurement. 

Before discussing, in detail, the functions of the conceptual 

blocks listed above, consideration must be given to the design factors 
of both the sonobuoy and the aircraft sections of the system. In addi- 
tion, a good understanding of frequency stability effects on the accu- 
racy of the ranging system being designed must be presented before a 
method of generating the ranging signal in the sonobuoy is considered. 
These items are discussed in the following chapters before proceeding 
to the design and evaluation of the prototype system that was construct 
ed in this project. 
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III. MODIFYING THF. SONOBUOY FOR THE RANGING SYSTEM 



Before a design modification of the sonobuoy for the ranging 
system can be undertaken, a number of considerations must be made, in- 
cluding the manner in which present production models of sonobuoys are 
designed and the factors limiting any design modification. 

A. DESCRIPTION OF THE ASW SONOBUOY 

Present day ASW sonobuoys have had their design and packaging 
fairly well standardized. This is by necessity to fulfill the MILSPEC 
requirements set forth by government contracts. It is also due to the 
fact that all sonobuoys must be compatible with the dispensing system 
of all current models of ASW aircraft. 

The sonobuoys in current use are almost all identical in packaging. 
The only major differences are in the circuitry that actually goes into 
the sonobuoy, which is dependent on the function and mission of the 
particular model of sonobuoy and varies from one manufacturer’s model 
to the next. For that reason, a description of the Sonobuoy AN/SSQ-57 
will be given as an example of the typical construction of all sono- 
buoys. The SSQ-57 sonobuoy was the model used as the test bed for the 
prototype sonobuoy rangin system designed in this project. Much of 
the descriptive material on the SSQ-57 which follows was obtained from 
Ref. 6 . 

The SSQ-57 is a single unit contained within a cylindrical alumi- 
num housing. It is approximately 36 inches long, 4-7/8 inches in dia- 
meter and weighs about 19-3/4 pounds. When expended by the aircraft 
at altitudes from 150 feet to 10,000 feet and at speeds from 150 to 250 
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knots, its free fall is retarded by a rotochute which is deployed after 
leaving the aircraft and is ejected on water impact. Figure 5 shows 
the sequence of operation. 

Once in the water, a self-contained, sea-water-activated battery 

/ 

powers the sonobuoy circuitry, which detects and amplifies underwater 
sounds obtained from a hydrophone that is deployed on a 95-foot cable. 
The amplified underwater sounds are used to modulate a self-contained 
FM transmitter which transmits the signals to the aircraft. A FM 
receiver on the aircraft detects the signals for analysis and display 
by ASW processing equipment. By this means, the location and identifi- 
cation of the underwater sound sources are obtained. 

A block diagram of how the sonobuoy functions is shown in Figure 
6. The frequency modulation is achieved by varying voltage across a 
voltage-variable capacitance diode (VARICAP), which in turns varies 
the frequency of a crystal oscillator. The frequency-modulated signal 
is then put through three doublers to get the carrier frequency up to 
the 162.25 to 173.50 MHz frequency band. Transmission is via a quar- 
ter-wave dipole antenna which is erected at time of water impact. The 
sonobuoy may have a lifetime of 1 or 8 hours as selected prior to 
launch. The sonobuoy hull has a water-soluble plug which disolves and 
scuttles the buoy in 8 to 20 hours so that it is not a hazard to the 
navigation of surface vessels after its useful life. 

A complete schematic diagram of the sonobuoy is shown in Appendix 
(A). The general configuration of the SSQ-57 sonobuoy construction 
can be observed in the photographs of the packaged prototype sonobuoy 
section contained in Appendix (G) . 
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S0N0BU0Y AN/SSQ-57 FUNCTIONAL BLOCK DIAGRAM 
FIGURE 6 



B. DESIGN LIMITATION FACTORS 

Numerous sonobuoys are carried on ASW aircraft and are expendable 
items. Although their unit price is not high, expending them in large 
quantities runs into great cost. Anyone designing a modification to 
the present sonobuoy design to implement a sonobuoy ranging system 
must therefore keep the cost increase factor under prime consideration. 

The large number carried on board an aircraft requires that the 
size and weight of sonobuoys be kept as small as possible. Any modifi- 
cation being considered should be contained within the cylindrical hull 
of the present sonobuoy package in order to remain compatible with 
existing aircraft dispensing systems. Any increase in the overall 
sonobuoy weight, due to a modification, must remain less than 1 or 2 
pounds so that the floatation stability of the sonobuoy is not affected 
adversely. 

The prototype system designed in this project was created with the 
intention of being able to retrofit the sonobuoy modification section 
into past production sonobuoy models. This is a cost-saving feature 
since large inventories of past production models would not be wasted 
by having to create a completely new sonobuoy model for the sonobuoy 
ranging system. 

Since the salt-water-activated battery in the sonobuoy has a 
definite lifetime and a limited power capability, any additional power 
consumption caused by a modification to the sonobuoy must be kept to a 
minimum. For this reason, and due to an additional saving in size and 
weight, maximum use was made of integrated circuits (ICs) in the design 
of the prototype system of this project. The present state of the art 
of integrated circuit production has reduced the price of ICs to a 
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point where consideration of their small increase in cost over discrete 
components is outweighed in this application by the savings in weight, 
size, and power consumption. 

Even with maximum use of integrated circuits, the increase in 
power required by the sonobuoy modification section designed in this 
project turned out to be high. This was primarily due to the unavail- 
ability of low-powered oscillators that have adequate frequency stabil- 
ity to fulfill the range accuracy requirements of the system. This will 
be discussed further later in this report. From these considerations, it 
became evident at an early stage that a price to be paid for satisfactory 
frequency stability (at least under the present state of the art) was high 
power consumption. 

It was necessary to determine the amount of excess energy available 
in existing sonobuoy batteries for powering any additional modification 
circuitry. In order to see how restrictive the power limitation factor 
was going to be, the following tests were conducted. 

1 . Testing the Power Requirements of a SSQ-57 Sonobuoy 

This test was done by connecting laboratory power supplies to 
a SSQ-57 sonobuoy in place of the battery and then measuring the current 
drawn at the rated voltages of the battery. The battery for the SSQ-57 
supplies two positive voltages to the circuitr 10.1 Vdc for powering 
audio and RF circuitry, and 1.5 Vdc to power ti. r circuitry which 
controls the lifetime of the buoy. The results of this test, under con- 
ditions of both 8 hour and 1 hour lifetime settings, are shown in Table I. 
2 . Testing the Power Capability of a SSQ-57 Battery 

The second test was to determine the effect of adding a 
modification package to the sonobuoy circuitry. This was done by using 
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TABLE I 



POWER CONSUMPTION TEST RESULTS 
SSQ-57 Sonobuoy, Channel 16, Serial No. 2745 





Lifetime Setting 


Current drawn @ 
Terminal Voltage 


Power Consumed 


8 Hours 


250 mA @ 10.1 Vdc 
6.5 mA @ 1.5 Vdc 


2.530 WATTS 
0.097 WATTS 


1 Hour 


250 mA @ 10.1 Vdc 
125 mA @ 1.5 Vdc 


2.530 WATTS 
0.187 WATTS 





the power requirements of the signal generation section of the proto- 
type system constructed in this project as an example. It was deter- 
mined that the modification package of the prototype system required a 
maximum of 550 milliamps at 10,1 volts, or 5.55 watts of power. The 
majority of this power (approximately 3.54 watts) was required only 
for short periods of time to power the ovenized, temperature control 
section of the crystal oscillator. Since the oven drew the majority of 
its power only at the start of operation when bringing the temperature 
up to operating temperature, 5.5 watts can be considered as the abso- 
lute worst case condition. Using this with the data from Table I, dc 
load values for the battery simulating a combination of the existing 
circuitry and the modification package were arrived at as follows: 
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Power Consumed by SSQ-57 at 
8 hour lifetime setting 



{; 



250 mA @ 10.1 Vdc = 2.53 watts 
6.5 mA @ 1.5 Vdc = 0.097 watts 



+ 



+ 



Power Consumed by 
modification package 



550 mA @ 10.1 Vdc = 5.55 watts 



Total power Consumed at 8 
hour lifetime setting 



{: 



800 mA @ 10.1 Vdc = 8.08 watts 
6.5 mA @ 1.5 Vdc = 0.097 watts 



dc load for 10.1 Vdc 



dc load for 1.5 Vdc 



10.1 Vdc 
0 . 8 amp 

1.5 Vdc 



= 12.6 ohms 



= 230 ohms 



0.0065 amp 



These two loads were placed across a Model BT 401 battery (obtained 
from an SSQ-57 Sonobuoy) which was activated by immersing it in the 
ocean at pierside. The two voltages across these two loads were con- 
tinuously recorded versus time to determine the useful lifetime of the 
battery under the simulated additional load of the modification pack- 
age. A plot of these voltages versus time is shown in Figure 7. It 
was observed that both voltages came up to full rating in a few seconds 
after immersion. The 10.1 Vdc voltage remained at or above rated value 
for 3 hours and 6 minutes. It then discharged slowly, providing useful 
voltage for one additional hour, and then discharged rapidly to unuse- 
able voltage levels in less than 30 minutes. The 1.5 Vdc voltage 
remained at or above the rated value for the duration of the test (17 
hours and 12 minutes). This was understandable since very little 
current was being drawn by the timer circuitry during the simulated 
condition of an 8-hour lifetime setting. 

As mentioned above, the power required by the sonobuoy modifica- 
tion package was fairly high, primarily due to an oven which tempera- 
ture stabilized the crystal oscillator for optimum frequency stability. 
It was understandable that this package would degrade the useful life 
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Rated 10.1 Vdc terminal of SSQ-57 battery, 
BT401 loaded by 12.6 ohms. 
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of the SSQ-57 battery by almost half of the normally rated 8-hour life- 
time, since the amount of power drawn was more than doubled. The 
energy capacity of the battery would not be such a limiting factor if 
this oscillator could be replaced with one requiring must less power. 

Since power limitation appeared to be one of the most critical 
design factors in this project, a thorough search for the most stable, 
low-powered oscillators available on the industrial market was made. 
Temperature-compensated crystal oscillators (TCXOs) , which consume 
very little power, were considered for the reference signal source at 
one point in this project. However, the model of TCXO obtained was not 
sufficiently stable in frequency to fulfill the accuracy requirements 
of the system (this will be discussed later in thi^ report). The state 
of the art of designing TCXOs is being advanced almost monthly by use 
of modern computer-aided design techniques [Ref. 7, 8, 9, & 10]. It is 
therefore possible that in a matter of a few years a TCXO with adequate 
stability will be available which will fulfill the accuracy needs of 
this project. With the low power consumption of the TCXO the power 
limitation factor would not then be so crucial, and the power require- 
ments could be fulfilled by existing sonobuoy batteries. 

Alternative solutions to the power limitation problem would be to 
place two smaller batteries in the buoy or obtain a high-energy battery 
which could fulfill the additional power requirements. It was not 
certain whether batteries of high enough energy were available in small 
enough size. Therefore another model battery of approximately the same 
size and design as the SSQ-57 battery, but of a higher advertised energy 
capacity, was obtained for testing. This battery was tested in the 
same manner with a 6.4-ohra load across its 7.0-Vdc output so that 
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approximately the same power would be supplied. A plot of its voltage 
versus time is also plotted on Figure 7 so that a comparison can be 
made to the SSQ-57 battery. This test indicated one significant point: 
it is technically feasible to construct a salt-water-activated battery 
of small enough size which can handle the power requirements of the 
system being considered. It therefore appeared that the easiest solu- 
tion to the power limitation problem would be to specify a new battery 
with the proper terminal voltages which would replace the present 
battery at the same time that the modification package for the sonobuoy 
ranging system is retrofitted into a sonobuoy. 

Models of batteries tested in this project may be procured through 
the Navy Supply System using the information given in Table II. 

TABLE II 



BATTERY IDENTIFICATION INFORMATION 





Type Battery 


Ordering Information 


BT-401 


FSN 613-164-8753 
(IN-Cog Item) 


Marvellum Co. Battery 


Contract NOW 64-0319-F(9/65) 
Contract No. Mfr. 538016-1 





One other alternative is also possible. In recent years since 
the advent of multi-purpose satellites, there have been major advances 
in the design of small, low-powered crystal ovens for application in 
satellite frequency-control instrumentation. In one case an oven has 
been designed which consumes less than 159 milliwatts (compare this to 
the 3.54 watts of the prototype's oven) and is less than 5.2 cubic 
inches in volume, with expressed confidence of reducing the power 
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consumption and size even lower in the very near future [Ref. 11], 

This is a low enough power level that the present battery would be able 
to handle the additional load due to a modification package with a 
signal generator that uses one of these ovens. 
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IV. EFFECTS OF FREQUENCY STABILITY 



It has already been emphasized that the accuracy of the sonobuoy 
ranging system being considered is dependent on the frequency stability 
of the frequency sources in the aircraft and the sonobuoy. There are 
many factors which can cause instability. Before discussing them, the 
meaning of frequency stability when used to describe the quality of a 
frequency standard must be defined. 

A. DEFINING FREQUENCY STABILITY 

There is still a great deal of disagreement in the field of 

frequency control on methods of specifying and measuring frequency 
'\ 

stability [Ref. 11]. Various users of frequency sources still demand 
specifications in both the time and the frequency domain. However, it 
is generally accepted that there are two types of stability: long-term 
and short-term. Long-term stability refers to slow changes in average 
frequency with time due to secular changes in the resonator or other 
elements of the frequency standard being considered. Short-term stabi- 
lity refers to changes in average frequency over a time sufficiently 
short, (but greater than some specified minimum time) so that the 
change in frequency due to long-term effects is negligible. [Ref. 12] 
Short-term stability is an attempt to describe the amount of instan- 
taneous frequency dispersion that occurs around the average frequency 
which is observed over the long-term effect. 

Since no standardized definitions are available to describe the 
long-and short-term performance of frequency standards, other than in 
the general terms above, use will be made of three definitions used by 
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Grant [Ref. 4] to describe frequency effects. He used three terms 
which are also used by many manufacturers of oscillators and frequency 
standards: frequency offset, frequency drift, and frequency deviation. 

Each of these effects causes frequency error, which is defined as the 
difference between the actual instantaneous frequency, f(t), and the 
nominal frequency, f Q . It may be mathematically defined as: 

frequency error = Af = f(t) - f Q . 

It is usually more convenient to consider time errors in frequency 
standards rather than frequency or phase errors. The three are related 
by a normalized quantity sometimes referred to as the fractional error 
as follows: 

Af _ A0 _ AT where f = nominal frequency, 

f " 0 " T 5 ^ , 

A0 = phase error, 

0 = instantaneous phase, 

AT = time error, 

T = duration of signal. 

Time error can be converted to range error where the range is the 
distance a signal will travel at the speed of light during the time 
error, AT. The graph in Figure 8 facilitates a quick conversion be- 
tween these two errors. 

A general practice in the frequency-control field is to make use 
of a Frequency-Error Conversion Chart for quickly determining the actu- 
al fractional frequency error when the accumulated time error, AT, of 
a standard has been determined, or vice versa. One of these charts is 
shown in Figure 9. The use of this chart will be explained by refer- 
ring to examples of offset, drift, and deviation when expressed as a 
fractional error. 
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Accumulated Time Error (microseconds) 
FRACTIONAL FREQUENCY- ERROR CONVERSION CHART 
FIGURE 9 



1 e Frequency Offset 



Frequency offset can be defined as the amount that the actual 
frequency differs from the desired or nominal frequency. It is 
neither a short-term nor a long-term stability effect, but rather an 
initial condition. For instance, if an oscillator was designed for a 
resonant frequency of 1 MHz, but when actually turned on it started 
operating at 1,000,001 MHz and remained precisely at that frequency, 
then the frequency offset would be +1.0 cycle out of 1,000,000 cycles. 
Expressed as a fractional error it would be: 

Af = 1.0 _ , n -6 

f 1,000,000 x 

After one hour this offset would cause an accumulated time error which 
can be determined by using the chart of Figure 9. Entering this chart 
on the ordinate with 1 x 10 moving horizontally to the 1-hour 

elasped time line, and then moving vertically downward to the abscissa, 
the accumulated time error due to the offset is determined to be about 
3600 microseconds. Multiplying this times the speed of light, 

g 

3 x 10 m/sec, the accumulated time error converts to a range error of 
1080 kilometers. This example shows that even though 1 x 10 ^ seems 
like a tolerable value for an initial offset in the nominal frequency, 
it would make a phenomenally large error when used in any type of 
navigation system. 

2. Frequency Drift 

Frequency drift can be considered as a change in the frequency 
offset. It is generally thought of as a long-term stability effect 
inherent to oscillators using piezoelectric crystals for frequency con- 
trol. The frequency drift is usually expressed as fractional error 
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measured over long periods of time such as 24 hours, weeks, or even 
years. In those oscillators using crystal control, the drift is due 
to the crystal aging. The crystal aging rate is usually constant after 
a sufficient warm-up period of from 10 minutes to days, depending on 
the design of the oscillator. Operating the crystal at higher temper- 
atures, as in temperature-controlled ovens, tends to increase the aging 
rate and the drift will be higher. 

As an example of frequency drift, consider an oscillator which 
is measured to be oscillating at a nominal 50 MHz after its initial 
warm up period. Six hours later it is measured to be oscillating at 
50,000,000.2 Hz. This means that the oscillator has a drift expressed 
as a fractional error over 6 hours of: 

^ A F .2 Hz , ,„-9 „ „ 

Drift = — = = = 4 x 10 / 6 Hours 

F 5 x 10 Hz 

Before converting this to time error, it must be remembered that the 

average frequency stability over the six hours was one half the total 

-9 

drift. For an average drift of 2 x 10 /6 hours. Figure 9 shows this 

to be 46 microseconds accumulated time error in 6 hours. Expressing 
this time error into range error rate by means of the graph of Figure 8 
gives a final range error rate of 13.8 kilometers/6 hours or 2300 meter/ 
hour. 

3 . Frequency Deviation 

Frequency deviation is a short-term stability effect which 
describes the dispersion of the instantaneous frequency from the nomi- 
nal frequency due to undesired components of noise and spurious signals. 
It is usually defined as an average of the change of frequency over a 
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specified time interval which is sufficiently short so that there is no 
influence from any long-term effects such as drift. 

When using deviation to describe the short-term frequency 
stability, the minimum observation time over which the frequency has 
been averaged must be specified. This is because short-term deviation 
is a statistical quantity which becomes infinitely large in dispersion 
as the observation time is made infinitely short, and which approaches 
the long-term average frequency as the observation time is made long. 

As the observation time becomes shorter and shorter, noise becomes the 
major cause of the deviation and gives the measured deviation more of a 
statistical nature. 

There has been a great deal of research done to determine the 
best methods of measuring short-term stability effects [Ref. 11,13,&14]. 
These will not be covered in this paper since short-term stability 
requirements are not as critical to the accuracy of the ranging system 
as long-term effects. The sources of frequency deviation are considered 
to be: 

(1) Thermal noise in the oscillator circuitry which varies 
the resonance frequency. 

(2) Additive noise associated with the remaining circuitry 
which does not change the resonant frequency but changes 
the spectral content of the signal by addition or sub- 
traction. 

(3) Fluctuations in the oscillator parameters, including such 
features as supply voltage, load, humidity, crystal para- 
meters, and ambient temperature. 

In summarizing the above definitions of stability, a good way 
to visualize their combined frequency stability effect is by means of 
the example plotted in Figure 10. The initial offset from the nominal 

>9 

frequency is shown to be +2 x 10 . The frequency drift has necessarily 
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COMBINED EFFECTS OF FREQUENCY OFFSET, DRIFT AND DEVIATION 
FIGURE 10 



been shown to be much greater in magnitude then would normally be ex- 
pected. This is so that the much smaller effect of the drift can be 
seen on the graph. The drift would be so slow after the warm up period 
that it would be undetectable on a true scale graph. The dotted line 
represented the average frequency. During very short intervals of time, 
noise effects are superimposed on the continuous, frequency deviation 
curve to emphasize that spectral content of a signal and the observa- 
tion time does have a definite effect on the measured short-term 
stability. 

B. FACTORS AFFECTING FREQUENCY STABILITY 

The factors which affect frequency stability are many and varied. 

A thorough analysis of the cause and effects could be the subject of a 
report in itself. Kemper has written an article where he makes a con- 
cise description of all the characteristics of quartz crystals when 
used for frequency control [Ref. 15]. Grant gave a very thorough ex- 
planation of the temperature effects on crystal oscillators in his 
thesis and showed some excellent plots of their characteristics [Ref. 4J, 
In the interest of avoiding redundancy, these effects will be only 
briefly described and reference should be made to the above references 
for more specific information. 

1. Temperature and Aging Effects on Crystal Oscillators 

Temperature affects the frequency stability of crystal os- 
cillators depending or- the type of geometric cut used to manufacture 
the crystal. AT and GT cut crystals have the least dependence of fre- 
quency stability on temperature. AT crystals are normally preferred 
over the GT cut crystals for use in most frequency standards due to 
the physical size and high cost of GT cut crystals. 
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Aging is caused by some intrinsic materials, (either solid, 
liquid or gaseous) that transfer from the crystal plate to its sur- 
roundings, or that transfer to the plate from the surrounding atmo* 
sphere or its case. The rate of aging becomes relatively constant as 
all of the transfer of impurities reaches a steady state. High oper- 
ating temperatures or driving levels make the aging rate much worse. 
Kemper explains the tradeoffs involved in selecting a crystal for the 
best frequency stability in any particular range of temperatures and in 
any particular frequency range. He points out that the 1 to 5 MHz 
frequency range exhibits the best aging characteristics, and that the 
best crystals with respect to their quality factor (Q) and their fre- 
quency stability with time are most easily manufactured in this range. 

It will suffice to say that the adverse temperature and aging 
effects can be compensated somewhat by one or more of the following 
actions whem attempting to obtain the ultimate in frequency stability: 

(1) Proper choice of the crystal cut and close tolerances in 
the manufacturing of the crystal. 

(2) Temperature control of the crystal by temperature control 
ovens. 

(3) Temperature compensation of the oscillator by thermistor/ 
varicap networks which vary the capacitance of some 
parameter in the oscillator circuit in a negative feed- 
back manner so as to maintain the frequency constant 
during temperature variations. 

(4) Close controls in the impurity levels of materials used 
in the construction and packaging of the crystal. 

2. Supply Voltage and Load Variation Effects 

Any variation in the supply voltage powering the oscillator, 
either in the form of ripple, noise, or long-term variations, can cause 
change in the oscillator frequency. By proper voltage regulation of 
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the power supply and decoupling it from any high-frequency feedback 
paths, this degrading factor can normally be eliminated. 

The capacitive loads in an oscillator circuit that may lie in 
series or parallel with the crystal unit can have a significant effect 
on the frequency of oscillation. Proper circuit design will normally 
eliminate this problem. 

The capacitive load that is across the crystal in the oscil- 
lator circuit must be closely specified when ordering a crystal for the 
oscillator if it is desired to keep the frequency offset of the oscil- 
lator small. Sometimes variable capacitors can be used in series or 
in parallel with the crystal so that any offset that occurs when the 
oscillator is placed in operation can be tuned out. If the sensitivity 
of the frequency stability to temperature is desired to be low, the 
need for the temperature-insensitive elements in the oscillator cir- 
cuit should be obvious. 

After the oscillator is operating at the right frequency, any 
dynamic loads which have an impedance with a capacitive component can 
cause the oscillator frequency to change. The effect of a varying 
capacitive load can be compensated by decoupling the load from the os- 
cillator by a buffer amplifier between the two. 

3. Shock and Vibration Effects 

Shock and vibration have three general effects on a crystal: 
temporary deviation which disappears instantaneously after removal of 
the stress; temporary deviation which disappears a few moments after 
the start of the stress, but may reoccur again later; and a permanent 
change of frequency or failure to oscillate when the stress is suffi- 
cient to physically damage the crystal or its plates. 
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The AT cut crystal is considered to be the least stress sen- 
sitive of the precision crystals, and indicates another reason why AT 
cuts are the most popular for the construction of frequency standards. 

C. FREQUENCY STABILITY REQUIREMENTS FOR THE SONOBUOY RANGING SYSTEM 
The definitions and effects discussed above may be applied to the 
signal sources of the sonobuoy ranging system. The range accuracy that 
is desired for the sonobuoy ranging system will determine the limits on 
the required frequency stability of the sources. In order to quantita- 
tively determine these stability requirements, a few assumptions must 
be made concerning the desired instantaneous range accuracy and the 
maximum drift rate in range accuracy that is tolerable. If the tactics 
in ASW operations are analyzed, it appears that reasonable estimates 
for these values would be + 50 meters instantaneous range accuracy and 
100 meters/hour drift rate in range accuracy. The above estimates will 
be used to determine the approximate range of frequency stability that 
is required for a practical sonobuoy ranging system. 

1. Long-term Range Accuracy Requirement 

Assuming that the sonobuoy will only be used as a navigational 
reference for periods up to six hours, and assuming an accumulated 
range accuracy drift of 600 meters in the six-hour period (100 meters/ 
hr.), then consider the following: 

600 meters => a time error of AT from Figure 8=2 microsecs, 

If it is assumed that the frequency offset of the source is zero at 

Af 

t = 0, and if — is the offset of the source after six hours, then: 

r 
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